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The polyhedrin gene in Bombyx mori nucleopolyhedrovirus (BmNPV) was replaced with the granulin gene of Trichoplusia
ni granulovirus (TnGV). The substitution was verified by Southern hybridization, and expression of granulin by the mutant
virus, BmGran, was demonstrated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and by amino acid
sequencing of the predominant protein of BmGran inclusion bodies (IBs). Light and electron microscopy examination of
BmGran-infected B. mori and BmN cells revealed large, cuboidal, polyhedron-like IBs in the nucleus and cytoplasm, but
granules were not seen. IBs contained small, parallel, electron-dense streaks, which defined the geometric pattern of
crystallization. Geometric patterns of nuclear IBs were frequently disrupted by occlusion of polyhedron envelope fragments,
resulting in IB instability and fracturing. Virions were not embedded in most of the polyhedron-like IBs, but accumulated with
polyhedron envelope fragments. Some virions were coated with matrix protein and were partially wrapped by polyhedron
envelope. These results suggested that (1) the amino acid sequence of granulin is insufficient for determining IB morphology
in TnGV-infected cells, and TnGV may have genes, not present in BmNPV, that control granule formation, and (2) interactions
among the virion, the IB envelope, and the matrix protein may be important in virion occlusion and IB morphology and stability.
© 1998 Academic Press
INTRODUCTION
The Baculoviridae comprise two genera of arthro-
pod (primarily insect) viruses: the granuloviruses (GVs)
and the nucleopolyhedroviruses (NPVs) (formerly clas-
sified as three genera; reviewed in Crook (1994) and
Granados and Federici (1986)). Of these, the GVs and
NPVs are transmitted among insects by virions that
are occluded in a paracrystalline matrix, or inclusion
body (IB), composed mainly of proteins known as
granulins (the GVs) and polyhedrins (the NPVs) (Ber-
gold, 1963; Federici, 1986; Rohrmann, 1986, 1992;
Tanada and Hess, 1991). The IB imparts environmental
stability to the virus until it reaches the insect midgut,
where alkalinity and enzymes solubilize the matrix
protein and release the virions.
Occlusion of NPV virions is believed to involve at
least three proteins: polyhedrin, p10, and the polyhe-
dron envelope protein (Chung et al., 1980; Gross et al.,
1994; Rohrmann, 1992; Russell et al., 1991; Russell and
Rohrmann, 1990; van Lent et al., 1990; van Oers et al.,
1993; Whitt and Manning, 1988). In addition, proteins
contained within the virion may be involved in nucle-
ation of matrix protein crystals (Federici, 1980; Russell
et al., 1991; Russell and Rohrmann, 1993), and other
baculovirus gene products may function in transport-
ing polyhedrin to the nucleus (Jarvis et al., 1992). In
comparison to work done with NPVs, less is under-
stood about GV granule formation. Studies using
chemical, biochemical, and microscopy techniques
have yielded information about the chemical and phys-
ical properties of granulin and granules, although
knowledge of a mechanism of granule formation is
incomplete.
Interest in NPVs has stemmed largely from their
usefulness as expression vector systems, particularly
for medical applications, and from their potential as
biological control agents in agriculture (Bonning and
Hammock, 1996; Boyce and Bucher, 1996; Maeda,
1994; Miller, 1995). GVs, too, have potential for control-
ling pest insects, yet the prerequisite studies of GV
genetics have been refractory, due to the lack of in
vitro cell culture systems that efficiently support rep-
lication of these viruses (Winstanley and Crook, 1993).
Fortunately, individual GV genes can be studied by
expressing them in related viruses, like NPVs, for
which cell culture systems do exist. In this work, we
use a polyhedron-gene deletion mutant virus, BmNPV-
abb, to replace the polyhedrin gene of BmNPV with the
granulin gene of TnGV, and we use molecular and
microscopy techniques to examine morphological fea-
tures that result from interaction between granulin and
NPV factors controlling IB formation.
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RESULTS
Construction of a recombinant BmNPV expressing
the granulin gene of TnGV
The granulin coding region of TnGV was amplified by
PCR. A single DNA fragment of size estimated to be 0.8
kb was used for construction of pBmGran, a vector for
cotransfection, as shown in Fig. 1. Nucleotide sequenc-
ing was done to confirm insertion of the granulin gene.
The sequence of the granulin gene was identical to that
of TnGV reported by Akiyoshi et al. (1985) except for a
single nucleotide at position 77, which we found to be G
instead of C. This nucleotide was also confirmed by us
by sequencing the original SalI DNA fragment from TnGV.
This adjustment to the sequence data yielded serine in
place of threonine at residue 26. Our TnGV granulin
amino acid sequence was identical to that of Xestia
c-nigrum GV (C. Goto, pers. commun.; GenBank Acces-
sion No. U70069).
A BmNPV construct, BmNPV-abb, with unique Bsu36I
sites was used in constructing BmGran in order to min-
imize background null recombination during recombi-
nant virus construction. BmNPV-abb lacks the coding
region of polyhedrin and has Bsu36I sites at the poly-
hedrin locus and in the coding region of the adjacent
gene, orf1629, which is essential for virus replication
(unpublished information), as described previously (Kitts
et al., 1990). After cotransfection of BmNPV-abb and
pBmGran DNAs into BmN cells, we observed cells that
displayed cytopathic effects typical of polyhedrin-defi-
cient BmNPV infection and a small number of cells that
produced large cuboidal IBs. Several isolates were pu-
rified by plaque assay on BmN cells. During purification,
all isolates produced large cuboidal IBs in many of the
infected cells. After propagation from isolated plaques,
all isolates produced large cuboidal IBs in more than
40% of infected BmN cells. Although we expected BmN
cells infected with a recombinant BmNPV expressing the
granulin gene to produce granules, we supposed that
these cuboidal inclusions might be a granulin product,
and we conducted further experimentation accordingly.
Verification of granulin gene insertion
To confirm that the granulin gene was indeed present
in BmGran, DNAs of parent wild-type and mutant viruses
were digested with restriction endonucleases and ana-
lyzed by Southern hybridization (data not shown). The
expected restriction patterns were obtained, and the
expected fragments were hybridized by a probe consist-
ing of a pUC plasmid carrying the SalI fragment of TnGV
(described above), verifying that the granulin gene was
correctly inserted into BmGran. DNA sequencing of the
granulin gene within BmGran verified that the gene se-
FIG. 1. Construction of a BmNPV transfer vector carrying the granulin gene from TnGV.
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quence had not been altered during mutant virus con-
struction.
IB formation in BmN cells
BmN cells were observed 24, 48, 72, and 96 h after
mock-infection or after infection with BmNPV-abb, Bm-
NPV T3, or BmGran. Twenty-four hours post infection
(p.i.), mock-infected cells appeared healthy, but signs of
viral infection were seen in BmNPV-abb-, BmNPV T3–,
and BmGran-infected cells: cell rounding and nuclear
hypertrophy. Forty-eight hours p.i., mock-infected cells
had a normal-sized nucleus containing visible nucleoli
and the cytoplasm was dark and granular (Fig. 2a). Cells
infected with BmNPV-abb displayed typical features of
NPV infection, but contained no viral IBs, nuclei were
hypertrophied and contained virogenic stroma, and nu-
cleolar structures were not apparent (Fig. 2b). Most cells
infected with BmNPV T3 had enlarged nuclei containing
numerous polyhedral IBs (Fig. 2c). Cells sometimes con-
tained 40 or more polyhedral IBs. Some cells contained
small or no obvious IBs, but had hypertrophied nuclei
containing virogenic stroma. Cells infected with BmGran
resembled those infected with the other viruses, but
contained cuboidal IBs in the nucleus or the cytoplasm
or, in some cells, in the nucleus and the cytoplasm (Fig.
2d). Thirty percent of cells contained at least one IB large
enough to be detected using light microscopy. By 72 h
p.i., some cuboidal IBs of BmGran-infected cells were
distinctly larger than polyhedral IBs of BmNPV T3-in-
fected cells, and some cells appeared to be dying. How-
FIG. 2. Light micrographs of virus-infected BmN cells 2 and 3 days p.i. (a) Control (mock-infected) cells. (b) Cells infected with BmNPV-abb. (c) Cells
infected with BmNPV T3. Most cells produce many polyhedral inclusion bodies (arrow) in the nucleus. (d–f) Cells infected with BmGran. (d) Cuboidal
inclusion bodies occur in the nucleus and cytoplasm. Some of the larger inclusion bodies are indicated by arrowheads. (e) Intact cells, lysed cells,
and cuboidal inclusion bodies (arrowheads) released into the culture medium. (f) Cells containing many cuboidal inclusion bodies. c, cytoplasm; N,
nucleus; n, nucleolus. Bars 5 15 mm.
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ever, about half of the BmGran-infected cells contained
cuboidal inclusion bodies, and lysed cells had appar-
ently released IBs into the culture medium (Figs. 2e, 2f).
Cells observed 96 h p.i. resembled those at 72 h p.i.
except that many more virus-infected cells appeared to
be dying, as were BmNPV T3–infected cells at the same
time after infection.
Sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) analysis of granulin
gene expression in BmN cells
Expression of the granulin gene by BmGran in BmN
cells was confirmed by SDS–PAGE of proteins from virus-
infected BmN cells (Fig. 3a) and from IBs purified from
BmN cells (BmNPV T3 and BmGran) or T. ni larvae (TnGV)
(Figs. 3b, 3c). A protein, presumed to be granulin, com-
prised a major band corresponding to an apparent mo-
lecular mass of 30 kDa among proteins from cells in-
fected with BmGran (Fig. 3a). This protein migrated
slightly faster than did polyhedrin (Figs. 3a, 3b, 3c).
To confirm that the protein of the polyhedron-like IBs of
BmGran was indeed granulin, we purified BmNPV T3
polyhedra, BmGran IBs, and TnGV granules and ana-
lyzed them by SDS–PAGE (Fig. 3b). The predominant
protein from IBs of BmGran comigrated with the granulin
protein of TnGV granules at an apparent molecular mass
of 29.4 kDa, which is in agreement with the molecular
mass of granulin predicted to be 29,127, based on the
amino acid sequence (Akiyoshi et al., 1985). Polyhedrin
migrated slightly behind granulin, at an apparent molec-
ular mass of 29.8 kDa (in agreement with the predicted
28.7 kDa; Iatrou et al., (1985), Maeda et al., (1985)). When
these proteins were loaded at high concentration, the
profile of minor proteins from BmGran IBs resembled
that of neither parent virus. A prominent minor protein of
BmGran IBs migrated at an apparent molecular mass of
approximately 36 kDa (Fig. 3c), which is very close to the
predicted molecular mass of the polyhedron envelope
proteins of BmNPV (32.2 kDa) and Orgyia pseudotsugata
NPV (32.4 kDa) (Gombart et al., 1989). The BmNPV poly-
hedron envelope protein (nts 102,560 to 103,505 in the
BmNPV sequence; GenBank Accession No. L33180) is
87.8% homologous to that of AcNPV, though this homol-
ogy is lower than the homologies of most BmNPV pro-
teins when compared with their AcNPV homologs (see
Ohkawa et al., 1994)).
One of the HPLC-purified peptides, EFAPDVPLFTGPAY,
corresponded to the C-terminus of granulin. This se-
quence was preceded by K (lysine), the cleavage site of
lysine peptidase. The N-terminal sequence of the major
(29.4 kDa) polypeptide was GYNKSLRYSRHNGT, which is
identical to the N-terminus of granulin. These results
indicated that the major band was granulin and that the
protein was complete.
Light microscopy of B. mori and T. ni larval tissues
Within a given treatment, few differences were ob-
served between larval tissues fixed 3 or 4 days p.i. In
both virus treatments (T3 and BmGran), and at both time
points, tracheal epithelial cells were uniformly infected,
as were fat body cells immediately adjacent to tracheal
epithelium. However, fat body tissues consisted of cells
in early to late stages of infection (Fig. 4) and cells that
were not overtly infected (data not shown).
Fat body tissues of uninfected B. mori and T. ni larvae
had normal-sized nuclei containing chromatin and nucle-
oli (data not shown). Fat body tissues from B. mori larvae
infected with BmNPV T3 contained virus-infected cells
with hypertrophied nuclei in various stages of virus pro-
duction (Fig. 4a). Most cells contained virogenic stroma,
and many contained numerous polyhedral IBs in the
nucleus. Mature IBs reached a maximum average size of
about 3 mm in diameter, and this maximum size was
fairly consistent among fat body cells.
Fat body tissues from B. mori larvae infected with
BmGran resembled those infected with BmNPV T3 in that
hypertrophied nuclei contained virogenic stroma and IBs
(Fig. 4b). However, IBs were few in number, were usually
square in section, and occurred in the cytoplasm as well
as in the nucleus. Maximum size and variation in IB size
appeared to be greater in cells infected with BmGran,
and this observation was corroborated by light micros-
copy examination of IBs purified from BmN cells (data
not shown). IBs exceeding 5 mm were occasionally seen
in light microscopy sections (Fig. 4b).
Ultrastructural analysis of BmNPV-infected B. mori
and TnGV-infected T. ni larval fat body cells
Control (uninfected) B. mori and T. ni larvae contained
fat body cells with normal nuclei enclosed within an
intact and well-defined nuclear membrane (data not
FIG. 3. SDS–PAGE of proteins from (a) virus-infected BmN cells and
(b, c) purified inclusion bodies. (a) Proteins from BmNPV T3- and
BmGran-infected cells 72 h p.i. (b) Migration patterns of predominant IB
proteins. (c) Loadings of IB proteins at high concentration reveal mi-
gration patterns of minor inclusion body proteins. Arrowhead indicates
prominent minor band in BmGran profile. Positions of molecular mass
markers are indicated to the right in each panel. T3, BmNPV T3; Gr,
BmGran; Tn, TnGV; M, molecular mass markers.
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shown). B. mori fat body cells from larvae infected with
BmNPV T3 contained nuclei with a well-defined nuclear
membrane, virogenic stroma, and polyhedral IBs (Fig.
5a). Mature IBs consisted of a paracrystalline protein-
aceous matrix, contained many embedded virions, and
were covered with an electron-dense envelope (Figs. 5b
and c). T. ni fat body tissues from larvae infected with
TnGV contained cells lacking a nuclear membrane and
containing granules forming mostly within a region of the
cell probably formerly occupied by a hypertrophied nu-
cleus (Fig. 5d). Nucleocapsids formed within a virogenic
stroma and were enveloped (Fig. 5e). Granules consisted
of a paracrystalline proteinaceous matrix, contained sin-
gle virions, and were coated with an electron-dense
layer outside of which was an electron-lucent layer (Figs.
5e and 5f). In addition, fibrillar structures were seen in
association with granules (Fig. 5e).
Ultrastructural analysis of IBs in BmGran-infected B.
mori larval fat body cells
B. mori fat body cells from larvae infected with BmGran
contained nuclei enclosed within a well-defined nuclear
membrane (Figs. 6a and 6b). Cuboidal IBs were ob-
served in the nucleus and cytoplasm (Figs. 6a and 6c–
6g). Virogenic stroma produced nucleocapsids, which
were enveloped, but virions were rarely embedded
within the cuboidal IBs (Figs. 6a and 6c–6g). Rather,
virions tended to accumulate along the nuclear mem-
brane and to associate with proteinaceous material and
with polyhedron envelope fragments (Fig. 6b). Polyhe-
dron envelopes often associated with and were embed-
ded within nuclear IBs (Figs. 6c and 6d). Some nuclear
IBs containing polyhedron envelope fragments fractured
along fissure lines defined by the embedded envelope
fragments (Fig. 6d). Patterns of crystallization of the ma-
trix protein were demonstrated by small surface islands
of developing crystals (Fig. 6e) and by small, parallel,
electron-dense streaks of unknown composition (Fig. 6f).
IBs that formed within the cytoplasm did not contain
polyhedron envelope fragments (Fig. 6f). Nuclear IBs
were coated with an electron-dense layer (Figs. 6a and
6c–6e) not unlike the envelope of BmNPV T3 polyhedral
IBs (Fig. 5b). However, an envelope-like layer on cyto-
plasmic cuboidal IBs could not be clearly demonstrated
(Fig. 6f). Furthermore, a regular paracrystalline matrix,
like those seen to comprise IBs of TnGV, BmNPV T3, and
other baculoviruses (Figs. 5c and 5f; Adams et al., 1977;
Arnott and Smith, 1968; Bergold, 1963), could not be
identified within any cuboidal IB (Figs. 6a and 6c–6g).
The homogeneity and density of the IBs sometimes re-
sulted in buckling of the resin, producing folds perpen-
dicular to the direction of sectioning (Fig. 6f). IBs re-
leased into the hemolymph from lysed cells were often
degraded, containing irregular electron-dense material
FIG. 4. Light micrographs of fat body tissues from virus-infected B. mori larvae 4 days p.i. (a) Fat body infected with BmNPV T3. (b) Fat body infected
with BmGran. VS, virogenic stroma; IB, inclusion body; IBC, inclusion body in cytoplasm; IBN, inclusion body in nucleus. Bars 5 20 mm.
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FIG. 5. Transmission electron micrographs of BmNPV T3 in fat body cells of B. mori 3 or 4 days p.i. (a–c) and TnGV in fat body cells of T. ni 6 days
p.i. (d–f). (a) Intact nuclear membrane (large arrowheads) maintains compartmentalization of nucleus during virus assembly and inclusion body
formation. Bar 5 2 mm. (b) Polyhedral inclusion bodies contain numerous (mostly) singly enveloped nucleocapsids and are coated with a thin,
electron-dense envelope (small arrows). Nuclear membrane (large arrowheads) remains intact at late stage of infection. Bar 5 1 mm. (c) Virions are
embedded in a paracrystalline matrix. Bar 5 0.1 mm. (d) Nuclear membrane is absent during virus assembly and granule formation. Bar 5 2 mm. (e)
Granules containing single singly enveloped nucleocapsids. Granule surface consists of an electron-dense layer under an electron-lucent layer (small
arrowhead). Fibroblastic structures (F) associate with granules (large arrowhead). Bar 5 0.5 mm. (f) Partially embedded virion. Paracrystalline matrix
(arrowhead). Bar 5 0.25 mm. IB, inclusion body; VS, virogenic stroma; L, lipid droplet; PM, plasma membrane. (Inset) Paracrystalline matrix of granulin
protein in a TnGV granule (arrowhead).
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and an irregular surface layer (Fig. 6g). Cuboidal IBs of
BmGran varied considerably in size, the largest being up
to 5 mm across (Fig. 6f).
Scanning electron microscopy (SEM) of IBs
Examination of IBs of BmNPV T3 and BmGran purified
from virus-infected BmN cells and of TnGV granules
purified from T. ni larvae confirmed structural character-
istics demonstrated by light microscopy (Figs. 2, 4) and
TEM (Figs. 5, 6). BmNPV T3 polyhedra were multifaceted,
smooth, and reached an average maximum dimension of
about 3 mm (Fig. 7a). Virtually all IBs of BmGran were
cuboidal (Fig. 7b) and some reached a maximum size of
about 5 mm across (data not shown). Many IBs had
smooth surfaces, whereas others contained surface is-
lands of matrix protein crystallization and/or were frac-
tured (Fig. 7b). Granules of TnGV were small and smooth
(Fig. 7c).
DISCUSSION
Introduction of the granulin gene of a GV into an NPV
has enabled us to study aspects of IB formation in both
viruses. Previous work on AcNPV morphology mutants
showed that single amino acid changes in polyhedrin
can alter IB morphology or prevent crystallization, imply-
ing that IB morphology is likely to be determined by the
amino acid sequence of the matrix protein (Brown et al.,
1980; Carstens et al., 1986, 1987, 1992; Duncan et al.,
1983). Similarities between polyhedrins and granulins
(Chakerian et al., 1985; Rohrmann, 1986) suggest that the
amino acid sequences of these matrix proteins may
embody similar information relating to IB formation. In
this light, we expected that expression of a wild-type
granulin in a permissible nongranulovirus infection
would yield IBs (granules) like those of the wild-type GV.
However, formation of large, cuboidal IBs by BmGran
(Figs. 2, 4, 6, and 7) supports the hypothesis that the
matrix protein sequence alone is insufficient for deter-
mining IB morphology and that additional factors (GV
genes or processes) are necessary for forming TnGV
granules.
Location and morphology of IBs
Previous studies of GVs have revealed that infection
usually begins with intranuclear blebbing (Walker et al.,
1982), synthesis of viral DNA and RNA in the nucleus
(Watanabe and Kobayashi, 1970), rupture of the nuclear
membrane (Bird, 1963; Crook, 1981; Hess and Falcon,
1987; Pinnock and Hess, 1978; Summers, 1971; Tanada
and Leutenegger, 1970; Watanabe and Kobayashi, 1970),
FIG. 6. Transmission electron micrographs of BmGran in B. mori fat body cells 4 days p.i. (a) Inclusion bodies in nucleus (N) and cytoplasm (C).
Intact nuclear envelope (large arrowheads). Bar 5 2 mm. (b) Virions aggregating along the nuclear envelope (large arrowhead) and associating with
polyhedron envelope fragments (small arrowheads). Bar 5 0.25 mm. (c) Growing inclusion body incorporating polyhedron envelope fragments
(arrowheads). Bar 5 0.5 mm. (d) Fractured nuclear inclusion body containing fissures (small arrowheads) defined by occluded polyhedron envelope
fragments. Electron-dense layer (large arrowhead) on outer surface of inclusion body. Occluded virion (V) (see inset). Bar 5 1 mm. (e) Nuclear
inclusion bodies with surface islands of crystallization (small arrowheads) and electron-dense surface layer (large arrowhead). Bar 5 1 mm. (f) Section
through the exact center of a cytoplasmic inclusion body. Small, parallel, electron-dense streaks defining the geometric pattern of protein
crystallization (small arrowheads). Large arrowhead indicates buckling of resin perpendicular to the direction of sectioning, which is indicated by faint,
parallel knife impressions that are visible in the lower half of the inclusion body and run in the direction of the medium-sized arrow. Bar 5 1 mm. (g)
Inclusion body released into the hemolymph from a lysed cell. Bar 5 1 mm. E, polyhedral envelope; L, lipid droplet.
FIG. 7. Scanning electron micrographs of purified inclusion bod-
ies. (a) BmNPV T3 polyhedral inclusion bodies. (b) BmGran cuboidal
inclusion bodies. Fracture (large arrowhead). Surface islands of
matrix protein crystallization (small arrowheads). (c) TnGV granules.
Bars 5 2 mm.
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and proliferation of membranous structures on both
sides of the fragmented nuclear membrane (Summers,
1971), followed by merging of nucleoplasm and cyto-
plasm. Nucleocapsids form within a virogenic stroma
and are enveloped, then embedded, within ‘‘concentrated
islands’’ bounded by the plasma membrane (Walker et
al., 1982). Using TEM, our observations of fat body cells
of T. ni infected with TnGV supported these observations
(Fig. 5d and unpublished data). However, the localization
of GV granule formation remains controversial (Begon et
al., 1993; Summers, 1971). Some evidence has suggested
that granule formation can occur in the cytoplasm of
various cell types (tracheal, fat body, hypodermal, and
‘‘blood’’), perhaps even without nuclear membrane im-
pairment (Bird, 1959; Stairs et al., 1966), although hemo-
cytes containing capsules in the cytoplasm probably
acquire them by phagocytosis (Begon et al., 1993). It is
possible that gradual or incomplete degradation of the
nuclear membrane could produce a cell that appears to
have an intact nuclear membrane and to have granules
forming in the cytoplasm. It is apparent that nuclear
transport of TnGV granulin can occur, even in the ab-
sence of putative supporting TnGV genes, as shown by
formation of nuclear and cytoplasmic IBs by BmGran
when infected in B. mori or BmN cells (Figs. 2d, 4b, and
6a). GV genes that promote nuclear localization could, in
part, account for broad distribution of granules within a
cell during the latter stages of infection (Fig. 5d).
IBs of abnormal cuboidal shape or size have been
associated with simultaneous infection by an NPV and a
GV (Bird, 1959) or by two GV strains (Bird, 1976), with
changes in the amino acid sequence of an NPV poly-
hedrin (Brown et al., 1980; Carstens et al., 1986), with
expression of a cytoplasmic polyhedrosis virus poly-
hedrin in an NPV (Mori et al., 1993), with mutation in an
NPV polyhedrin gene resulting in retention of polyhedrin
in the cytoplasm (Jarvis et al., 1991), and with various
natural strains of GV (Stairs, 1964; Stairs et al., 1966) and
NPV (Gershenson, 1960). Cuboidal inclusions in these
infections may have resulted from (1) overexpression of
the matrix protein, (2) mutation in the matrix protein itself
or in one or more genes that regulate IB morphology, (3)
interference among genes that regulate IB morphology,
or (4) the absence of IB morphology regulating genes in
the infected cell or subcellular compartment in which the
matrix protein crystallized.
The aberrant IB morphology in BmGran infection cer-
tainly did not result from overexpression of granulin (Fig.
3a), nor could it have resulted from mutation in the
granulin gene, as the sequence had been verified (see
Results), or from interference among NPV gene products
and GV gene products (other than granulin) that regulate
granule formation. Cuboidal IB formation in fat body cells
of B. mori infected with BmGran probably resulted from
crystallization of the granulin protein in the absence of
regulating factors normally produced by TnGV, which
may also account for the apparent lack of regulation of IB
size in this mutant. It is clear that the amino acid se-
quence of granulin is insufficient for determining granule
formation in TnGV infection, and it is likely that other
TnGV genes contribute to this process. However, another
possibility is that breakdown of the nuclear membrane
during TnGV infection alters the biochemical environ-
ment (by changing pH, for example) in the nucleoplasm
and cytoplasm, giving rise to conditions that permit gran-
ule formation.
The polyhedron envelope and IB formation
The function of the polyhedron envelope in polyhedral
IB formation is not yet well understood. However, its
prominence in nuclei during IB maturation (Lee et al.,
1996; van Lent et al., 1990), its interaction with p10 (Vlak
et al., 1988; Williams et al., 1989), and its presence on the
surface of mature polyhedra (Harrap, 1972; Minion et al.,
1979; Whitt and Manning, 1988) imply a significant role in
polyhedron formation, possibly including regulation of IB
size and shape; it is possible that unsuccessful interac-
tions between granulin and BmNPV P10 or the polyhe-
dron envelope may account for the apparent lack of
regulation of IB size in BmGran-infected cells.
Cuboidal IBs of BmGran that formed within the nu-
cleus occluded polyhedron envelope fragments (Figs. 6c
and 6d), unlike polyhedra of BmNPV T3, which did not
(Fig. 5b). Furthermore, SDS–PAGE of proteins from puri-
fied cuboidal IBs of BmGran (Fig. 3b) revealed a promi-
nent minor band that corresponds in apparent molecular
mass (36 kDa) to known polyhedron envelope proteins
(Gombart et al., 1989; Russell and Rohrmann, 1990; van
Lent et al., 1990; Whitt and Manning, 1988) as well as to
the polyhedron envelope protein of BmNPV (see Re-
sults). Occlusion of NPV polyhedron envelope fragments
in BmGran-infected cells (Figs. 6c, 6d, and 7b) implies an
interaction between these envelopes and the matrix pro-
tein during crystallization and suggests that molecular
incompatibilities between granulin and components of
the envelope result in premature association with the
envelope or prevent subsequent release of the envelope
(or components thereof). It has been suggested that
attachment of the envelope may halt IB growth in AcNPV
infection (Carstens et al., 1992). However, the observa-
tion by Stairs et al. (1966) that large, cuboidal granules of
Carpocapsa pomonella GV were coated with electron-
dense and electron-lucent layers (the outer membrane of
GVs) argues against a role for the GV IB membrane in
capping granule growth.
Interestingly, surfaces of cuboidal BmGran IBs that
formed in the nucleus were coated with an electron-
dense layer (Figs. 6d and 6e) not unlike the envelope of
BmNPV polyhedra (Fig. 5b) and polyhedra of other bacu-
loviruses (Bergold, 1963; Harrap, 1972; Minion et al.,
1979; Whitt and Manning, 1988). However, this ‘‘envelope’’
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was also observed to be the surface onto which small
islands of crystallizing matrix protein formed in BmGran
IBs (Fig. 6e). Furthermore, aggregates of proteinaceous
material (presumed to be granulin) that interacted with
virions along the nuclear envelope were also seen to
interact with polyhedron envelope fragments (Fig. 6b). It
is possible that the polyhedron envelope itself may at-
tract the matrix protein and layer it onto the surface of a
growing polyhedron. Carstens et al. (1992) proposed that
a point mutation in an AcNPV morphology mutant (M934)
resulted in increased affinity of polyhedrin for envelope
attachment. The destructively high affinity of the BmGran
matrix protein for NPV polyhedron envelopes (Figs.
6c–6e and 7b) can be attributed to incompatible molec-
ular interactions between granulin and components of
the envelope.
Virion occlusion
BmGran virions were rarely embedded (Fig. 6), al-
though virions were seen to interact with a protein-
aceous material, presumed to be granulin (Fig. 6b). It has
been suggested that viral occlusion may involve interac-
tions of the virion with the matrix protein (Stairs et al.,
1966); immunogold labeling and TEM studies indicated
that an OpNPV 25kDa protein, which is associated with
the virion envelope, may interact with polyhedrin during
occlusion body formation (Russell and Rohrmann, 1993),
and freeze etch examination of a mosquito baculovirus
indicated that the virion envelope may be a nucleation
site for initiation of occlusion body formation (Federici,
1980). Furthermore, polyhedrin conformation may play a
role in regulating occlusion, as indicated by mutations in
AcNPV the polyhedrin gene, which frequently result in
polyhedron-like IBs that fail to occlude virions (Brown et
al., 1980; Carstens et al., 1992; Duncan et al., 1983).
Apparently unsuccessful interactions between mutant
NPV (BmGran) virions and granulin in BmGran-infected
fat body cells resulted in accumulation of virions along
the nuclear envelope and, generally, failure to occlude
(Fig. 6). Rare occlusion of virions in BmGran IBs (Fig. 6d
and inset) may have been purely incidental, or may
indicate extremely low affinity of the NPV (BmGran) virion
for granulin.
The paracrystalline matrix
Certain other features of BmGran IBs that deserve
mention are (1) the lack of a regular array of protein units
(Fig. 6, especially 6c and 6d (inset)), (2) the inclusion of
small, parallel electron dense streaks of unknown com-
position that define the geometric pattern of crystalliza-
tion (Fig. 6f), and (3) the instability of IBs released into the
hemolymph (Fig. 6g). Aberrant cuboidal IBs of at least
some GVs and NPVs consist of a regular array of protein
units (Brown et al., 1980; Duncan et al., 1983; Stairs et al.,
1966). However, such an array of protein units was not
identified in IBs of BmGran. Furthermore, the relatively
electron-lucent IBs presented a highly dense material for
ultrasectioning, resulting in occasional buckling of the
resin, with formation of folds perpendicular to the direc-
tion of sectioning (Fig. 6f). This, and occlusion of the
small electron-dense streaks (Fig. 6f), implies an IB com-
position very different from that of either wild-type parent
virus (Figs. 5c and 5f). Two morphology mutants of Ac-
NPV—M29 (Duncan et al., 1983) and M263 (Carstens et
al., 1992)—also failed to form a paracrystalline lattice. As
suggested by Carstens et al. (1987), changes in poly-
hedrin structure may affect polyhedrin folding, which
may in turn abolish lattice formation and increase com-
pactness of the IB. The lack of TnGV proteins (other than
granulin) that may normally comprise the granule, or the
absence of TnGV factors that may direct folding of granu-
lin or formation of multimers (Bergold, 1963; Consigli et
al., 1983) or that may chemically modify granulin (Sum-
mers and Smith, 1975), could account for the formation of
a tightly packed, dense protein matrix, as observed in the
BmGran mutant. Furthermore, instability and rapid deg-
radation of some IBs released into the hemolymph may
indicate that lack of a polyhedron envelope (Williams et
al., 1989; Zuidema et al., 1989), factors (genes) normally
present in TnGV (perhaps including components of the
electron dense and electron lucent layers at the granule
surface) (Fig. 5e), or genes involved in matrix protein
crystallization function to stabilize the IB.
MATERIALS AND METHODS
Cell line, viruses, and insects
The BmN (BmN-4) cell line was maintained in a growth
chamber and nourished with TC-100 medium supple-
mented with 10% fetal bovine serum (Maeda, 1989). Lar-
vae of the silkworm, Bombyx mori (L.), and the cabbage
looper, Trichoplusia ni (Hu¨bner), were reared on artificial
diet in a growth chamber. BmNPV (T3 wild-type isolate )
(Maeda et al., 1985), BmNPV-abb (the transfer virus; de-
scribed below), and BmGran (the mutant virus; described
below) were propagated on BmN cells, whereas TnGV
was propagated in T. ni larvae (Hashimoto et al., 1996).
Construction and isolation of a polh2 BmNPV
containing the granulin gene of TnGV
A pUC plasmid containing a SalI fragment of the TnGV
genome, and comprising the complete granulin gene,
was kindly provided by Dr. Y. Hashimoto. An outline for
the construction of a recombinant transfer vector for
contransfection is shown in Fig. 1. The granulin gene
coding region was amplified by polymerase chain reac-
tion (PCR) as described previously (Innis et al., 1990) by
using primers 1 and 2 (see Fig. 1). The amplified DNA
fragment was digested with restriction endonucleases to
cut the Bg1II and XbaI sites at either end and was
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inserted at the linker sites (BglII and XbaI) of pBM030.
Nucleotide sequencing of the granulin gene in the re-
sulting recombinant transfer vector, pBmGran, was car-
ried out using two primers surrounding the linker sites
(59-TGGAAATAATAACCATCTCGC-39, 59-ACGCACAG-
AATCTAACGCT-39). pBmGran and BmNPV-abb DNAs
were cotransfected into BmN cells using a calcium/
phosphate buffer system (Maeda, 1989). Five days after
cotransfection, the supernatant was collected and used
to infect a monolayer of BmN cells for subsequent
plaque purification of a BmNPV isolate (designated
BmGran) carrying the granulin gene. Purified clones
were propagated using BmN cells and stored at 5°C
prior to use in experiments. The granulin gene coding
region within BmGran was sequenced (1) using the prim-
ers described above, and (2) using primers 1 and 2 (Fig.
1). All DNAs were sequenced using dye terminator cycle
sequencing on an ABI 377 sequencer (Perkin Elmer
Applied Biosystems).
Restriction enzyme digests and Southern
hybridization
To confirm insertion of the granulin gene to create
BmGran, DNAs of parent and mutant viruses were di-
gested with restriction endonucleases and analyzed by
Southern hybridization (Majima et al., 1993). BmNPV T3
and TnGV DNAs were purified from IBs isolated from
virus-infected B. mori (BmNPV T3) or T. ni (TnGV) larvae
(Hashimoto et al., 1996; Maeda, 1989). BmNPV-abb and
BmGran DNAs were purified from culture supernatants
of virus-infected BmN cells (Maeda, 1989). All DNAs
were digested with BglII, HindIII, and PstI, electropho-
resed in 0.8% agarose (SeaKem GTG, FMC Bioproducts,
Rockland, ME) in 1 3 Tris–acetate–EDTA buffer, trans-
ferred to a nylon membrane (Zeta Probe, Bio-Rad, Her-
cules, CA), and hybridized with a biotin-labeled pUC
plasmid carrying a SalI fragment of TnGV containing the
complete granulin gene (Akiyoshi et al., 1985). Granulin
gene–containing DNA fragments were detected using an
immunoluminescence detection kit (NEBlot Phototope
Kit and Phototope-Star Detection Kit, New England Bio-
labs, Beverly, MA).
Light microscopy of virus-infected BmN cells
BmN cells in six-well plates were infected with BmNPV
T3, BmNPV-abb, or BmGran at a multiplicity of infection
(M.o.i.) of 10 (Maeda, 1989). Cells were examined in culture
dishes 24, 48, 72, and 96 h p.i. Forty-eight hours after
infection, BmN cells were removed from tissue culture
dishes, concentrated, spread on glass slides, coverslipped,
and viewed and immediately photographed using phase
contrast optics on an upright Nikon Microphot SA
compound microscope. Seventy-two hours after infection,
BmGran-infected cells were photographed using an Olym-
pus IBT-2 inverted microscope.
Expression of granulin
To confirm expression of the granulin gene in BmGran,
(1) total proteins and (2) proteins of purified IBs from
virus-infected BmN cells or larvae were examined with
SDS–PAGE as described previously (Kamita and Maeda,
1993; Laemmli, 1970). For total cellular and viral proteins,
BmN cells in six-well plates or 60-mm dishes were in-
fected with BmNPV T3, BmNPV-abb, or BmGran at an
M.o.i. of 10 or were mock-infected. Cells were harvested
72 h p.i. and washed twice with phosphate-buffered
saline. Proteins were denatured in SDS–PAGE loading
buffer, precipitated with trichloroacetic acid, resus-
pended in SDS–PAGE loading buffer, and electropho-
resed in a 4–20% acrylamide gradient gel.
For purified IB proteins, granules of TnGV were har-
vested from T. ni larvae (Hashimoto et al., 1996) and IBs
of BmNPV T3 and BmGran were harvested from BmN
cells infected with BmNPV T3 or BmGran at an M.o.i. of
10 in 60-mm culture dishes. For IB purification, virus-
infected BmN cells were collected 48 h p.i. Cells were
removed from culture dishes, briefly centrifuged at very
low speed, resuspended in water, brought to 0.1% SDS,
and then layered onto a 40% (w/w) sucrose cushion and
centrifuged at 2000 3 g for 1 h. The IB pellets were
resuspended in water and stored at 4°C prior to use. IB
proteins were electrophoresed at low concentration in
12% polyacrylamide and at high concentration in 10%
polyacrylamide, for comparison of the principle IB pro-
teins, and the minor protein components of IBs, respec-
tively. SDS–PAGE gels were stained in colloidal brilliant
blue stain (Sigma Chemical Co., St. Louis, MO).
To confirm that IBs were composed of granulin, the
predominant protein, migrating on SDS–PAGE at appar-
ent molecular mass 29.4 kDa (see Results), was digested
with lysine protease. The peptide fragments were then
eluted from the acrylamide gel and purified by reverse-
phase high performance liquid chromatography (HPLC)
on a Develosil C4 column (Nomura Chemical, Japan).
The peptide solution was applied to a MegaBond Elute
C18 column (Varian, Harbor City, CA), and the bound
peptides were eluted with 40% acetonitrile in 0.1% triflu-
oroacetic acid (TFA). The peaks were analyzed by a 477A
protein sequencer (Applied Biosystems, Foster City, CA).
The undigested form of the predominant protein was
also analyzed by peptide sequencing.
Light and transmission electron microscopy (TEM) of
virus-infected insect fat body
At least three larvae were used for each treatment at
each time point. Controls consisted of uninfected larvae,
otherwise treated in a manner identical to that of virus-
infected larvae. For BmNPV T3 and BmGran, third instar B.
mori larvae were injected subcutaneously with 10 ml (about
5 3 104 plaque forming units) of diluted virus suspension
(Maeda, 1989). Fat body and associated tissues were dis-
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sected 3 and 4 days p.i. For TnGV, second instar T. ni larvae
were orally inoculated by feeding for 24 h on artificial diet
seeded with a dilute suspension of TnGV granules (about
1.5 3 108 granules). Fat body tissues were dissected 6 days
p.i. Tissues were fixed in 2.5% glutaraldehyde in 100 mM
Na2K-phosphate buffer, pH 7.4, postfixed in 1% osmium
tetroxide in the same buffer, dehydrated in a standard
acetone series, and embedded in Polybed 812 (Ted Pella,
Redding, CA). For light microscopy, blocks were sectioned
at 1 mm with a diamond histology knife (Diatome, Ft. Wash-
ington, PA), and sections were stained with epoxy tissue
stain (Electron Microscopy Sciences, Ft. Washington, PA)
and were viewed on a Nikon Microphot SA compound
microscope. For TEM, blocks were sectioned at 100 nm
with a diamond knife (Diatome), and sections were stained
with uranyl acetate and lead citrate and were viewed on a
Zeiss EM10 transmission electron microscope operating at
80 kV.
SEM of IBs
Granules of TnGV and IBs of BmNPV T3 and BmGran
(purified as described above) were fixed as for TEM.
Particles in aqueous suspension were seeded onto alu-
minum stubs, which had been coated with 0.01% bovine
serum albumin (United States Biochemical, Cleveland,
OH), and were allowed to air dry. Then, stubs were
sputter coated with gold in a Bio-Rad SEM coating sys-
tem sputter coater, and particles were viewed on an
ISI-DS131 scanning electron microscope operating at 10
kV. Scanned microscope images were saved to floppy
disc, combined using Adobe Photoshop LE (Mountain
View, CA) on a Macintosh 7500/100 computer, and
printed using dye sublimation on a Kodak XL7700 Digital
Continuous Printer.
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